HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 113108(2005

Determination by x-ray reflectivity and small angle x-ray scattering
of the porous properties of mesoporous silica thin films
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Two-dimensional hexagonal silica thin films templated by a triblock copolymer were investigated
by grazing incident small angle x-ray scatterif@ISAXS) and x-ray reflectivity(XR) before and

after removing the surfactant from the silica matrix. XR curves—analyzed above and below the
critical angle of the substrate—are evaluated by the matrix technique to obtain the average electron
density of the films, the wall thickness, the electron density of the walls, the radius of the pores, and
subsequently the porosity of such mesoporous films. In combination with GISAXS, the surface area
of the mesopores is ascertained, thereby providing a complete analysis of the porosity in thin films
by x-ray scattering methods. 8005 American Institute of PhysidDOIl: 10.1063/1.1887821

In thin films, the nonintrusive determination of the sur- withdrawal velocity of 14 cm/min on clean glass sub-
face area and of the porosity is a nontrivial isSuadeed, strates in the final sol of molar composition
the BET technique that is used for powders is not applicabld TEOS:72 GH;OH:21 H,0:0.022 HCI:0.012 P123. The
due to lack of materials. X-ray reflectivi)KR) that is sen- composition of the sol was adjusted so as to make films
sitive to both the film average electron density and its profileabout 100 nm thick. For the present study, two identical
can be used to determine the porosity of disordered filths. films were prepared at relative humidity around 60% and the
The aim of this letter is to present the determination of thecemperature at 25 °C. One of the films was thoroughly
porous properties of a highly ordered silica thin film by arinsed in ethanol for 6 h to remove the surfactant so as to

quantitative analysis of the XR. For this purpose, a silicaproduce a mesoporous film and the other was not processed.
matrix was initially templated by a polyethylene oxide/

polypropylene oxide(PEO/PPQ triblock copolymer (with

the commercial P123 name from BABfhat was removed CAP LAYER

by rinsing the film in ethandl.After rinsing, the film con-

sisted of a regular array of cylindrical pores of diameter

located at the nodes of a two-dimensio2D) hexagonal

lattice as shown in Fig. 1. By combining grazing incident

small angle x-ray scatteringGISAXS) measurements with

the XR analysis, we show how these parameters and the Lty P2

electron density of the silica matrix are obtained and further - A

used to determine the porosity and the specific surface of the ’

mesoporous film. BUFFER LAYER
Films were made from initial sols prepared in two steps. SUBSTRATE

First, 3.50 g of tetraethoxysilan@EOS), 2.0 g of ethanol,

and 2.5 g of HO (pH=1.29 were mixed and stirred at room . . . _ _

temperature for 1 h. A second solution Containing 129 01F|G. 1. Idealized model u;ed to fit the reflectivity data. Films are con's.ldered

. to be made of Layer 1 either composed of surfactant/pores and &ilica
P123 an_d _54'4 g of EtOH was then added to this sol. Aﬁe'épectively, before rinsing and after rinsjngf thicknesst; electron density
2 h of stirring, 4 g of HO (pH=1.25 was added. From the ,, and a roughness, and of Silica layer 2 of thickneds with an electron

resulting sol, thin films were dip coated at a constantdensity p,, and a roughness,. The in-plane spacing between pores or

micelles is denoted as b. For clarity, the figure shows only 3 layers out of the

N=8 layers really present in the films. The roughness of the layers is not

dauthor to whom correspondence should be addressed; electronic maishown in the picture. Films are supported by a glass substrate and silica cap
gibaud@univ-lemans.fr and buffer layers are also introduced in the model.
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FIG. 2. GISAXS results of the rinsed film showing the 2D hexagonal
structure. 10° v
E g
XR was carried out with a wavelength of 1.54 A on a . 1 3 g o
Philips reflectometer. GISAXS was performed at the beam-§ g ] s e
line X22B at the National Synchrotron Light Source, g § !
Brookhaven National Laboratory, using x rays with a wave- & 10°4 m °
length of 1.567 A. The exposure time was 10 s per frameX ]
and the incident angle was slightly higher than the critical %’ 10"y
angle of the substrate so that the film was still fully pen- g 55
etrated by the x rays. 271
Figure 2 shows the GISAXS pattern of the rinsed film. It 10° o ‘;ffk,)m
exhibits the characteristic spots of the pém 2D hexagonal I , ——
symmetry and shows this symmetry is well preserved after 0.00 005 o.10 015 020 0.25 0.30

_rlnsmg. After rnnsing, the 'ntens_|ty of the Bragg ref_lectlons FIG. 4. Absolute reflectivity curves of the initigh) and rinsed filmgb).
increased as expected from a higher electron density contrasgfe top inset gives the electron density profile obtained from a fit via the

due to the removal of the surfactant from the silica matrix.matrix technique to the experimental data. The bottom inset shows a mag-
This was further confirmed by the Raman analysis shown irified view of the region below the critical angle. The value reported along

; ; _ ; the line is the average critical wave vector of the film. The modifications
Fig. 3. The signal of the H & stretching bands related to induced by the rinsing procedure are obvious both on the electron density

the presence of PZI_.Z(?OI’ possibly to residual Si—Ofls  profiles and on the average critical wave vector.
groups inside the film decreases drastically after rinsing.

From the integrated intensity of these bands, one can con- .

clude that about 91% of the GHand CH, moieties were ~ cfitical g are observed: The first one corresponds to the av-

removed. erage electron density of the film, whereas the second one is
In Fig. 4, we show the two reflectivity curves for the that of the glass substrale-0.0315 A™). As these films

initially prepared[Fig. 4@@)] and ethanol rinsedlFig. 4b)]  have an electron density lower than the substrate density,

films. As shown in the bottom insets of Fig. 4, two different they actually act as quasi-waveguidés comparison of the
two panels clearly shows that removing the surfactant has a

. i . i . . . . strong affect on the average electron density of the film. The
5500 - shift of the critical vectorg,, from 0.0243 A1to 0.0206 A
; after rinsing is significant, meanwhile the substrgtere-

] —a— After rinsing : ) mains the same for both samples. The reflectivity patterns,
es00] |5 Beforerinsing i shown in Fig. 4, exhibit classical well-defined Kiessig
- : ‘ fringes typical of uniform films of finite thickness both be-
2- 4000 1 fore and after rinsing. This suggests that the essential struc-
g 3500 ] ] ture is not modified by the rinsing. The appearance of six
B ! fringes between each neighboring Bragg peaks indicates that
S the film is composed of eight layers with the same overall
£ motif. The sharp Bragg peaks indicate a well-organized

multilayer with a period\ =9.0 and 8.4 nm for the initial and
rinsed films.

The experimental XR curves were calculated using the
matrix techniqué® Our inferred profile adjusted by a least-
P squares fit to the data consisted of two stacked layers that

Wave Number (cm ) were repeateti=8 times as shown in Fig. 1. In this model,

FIG. 3. Raman scattering experiments showing the disappearance of ttthebe thICkneSE".l d.efmes both the I’a.dIUS of the Su.rfa(.:tant mi-
H—Cqs Stretching bands located around 2900 tthat confirm the removal elle before rinsing and T[he pore dlameter after rln_smg. All of
of the surfactant upon rinsing. The Raman signals are normalized to thi€ parameters were adjusted by a fit to the experimental data

nitrogen peak located at 2330 thn and are reported in Table I. In agreement with the simple
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TABLE |. Parameters obtained from the fits to the experimental data of the initial and rinsed films that were dip coated on a glass substrate. Fikns are mad
of Layer 1 either composed of surfactant/pores and sfiespectively, before rinsing and after rinsjregnd of a pure silica Layer 2. These layers are repeated

N=8 times. Cap and buffer layers of silica are also introduced in the model. For each layer, we adjust the critical wagg (reataely, the electron density

p), the interfacial roughness, and the thicknest The first number is the one related to the initial film, while the second is the one for the rinsed film.

Glass Silica buffer Layer 1 Layer 2 Silica cap
ge (A7 0.032 0.0278/0.0302 0.0224/0.0149 0.0270/0.0273 0.012/0.015
p (e71A3 0.73 0.56/0.65 0.36/0.16 0.52/0.53 0.10/0.16
aA) 1.5 6.5/8 11.2/10.3 18.1/18.8 3.75/4.1
t (R) — 22.9/22.4 55.6/52.9 36.1/32.4 33.7/10.1

*Parameter kept fixed during the fits.

Fourier decomposition of the periodic electron density of thegiven by (®icro’ = (Psiica— P2)/ Psilicar Yi€lding a microporos-
stacking, we find that since the third peak is quite weak, ity (® .0 =28% and an average mass density of the walls
=2t,. This yields a pore size and a wall thickness of about,,  -1580 kg/nf that is less that the one of pure siliga
6 nm and 3 nm, respectively. =2200 kg/n.

The fitted density profilegin the insets of Fig. #show The surface areaA=103 ni/g of the mesoporesA
how the electron density is modified by the removal of the_ 7t/ pa(0(ty +t,) - 712/ 4), was obtained from the param-

surfactant while maintaining thdl=8 sequence. It can be eters given in Table | and by the in-plane lattice parameter,

seen that in both films the silica wallkayer 2 have a simi- _
lar electron density. This shows that the rinsing procedurb 135 nm, deduced from the GISAXS measuremeRis.

maintains the silica walls, thus providing a mesoporous film™"
of good mechanical properties. The wall density, 05243,

is however smaller than the one of bulk silica which is
0.72e7/A32° The electron density of porous Layer 1 exhib-
its, on the contrary, a drastic decrease from
0.36 to 0.14e /A3 after rinsing as expected from the re-
moval of the surfactant. From the parameters reported i
Table |, one can calculate the average electron defysitpf

We have shown that robust highly ordered silica thin
films templated by P123 with a 2D hexagonal structure could
be well preserved after the removal of the surfactant by rins-
ing in ethanol. This was clearly demonstrated by combining
GISAXS, XR, and Raman scattering experiments. Based
pon real space models of the electron density, we show how
the meso- and microporosity of the rinsed films can be de-

each film and compare it to the unbiased experimental Valugelrmmed. Ih.e sdurfface grlgi;a(sssouated with tthe m?sopo:jes IS
measured at the critical angle of external reflection. The ay2'S0 ascertainéd from measurements periormed on

erage electron density of the film is by definition. the same films. Here, the pores were e_mpty but th_ey can be
filled with many solvents. Besides the direct determination of
(p) = pititpsty 1 GGty + a5t 1) the porosity, the method of analysis detailed in this letter
pr= t+t,  Aare  t+t, now opens the route to the exploration of more fundamental
aspects related to the porosity of materials, such as the un-
derstanding of nanowetting.

wherer,=2.8510%° m is the classical radius of the electron.
Substitution of the fitted parameters into Ef) gives a den-
sity 0.30e /A3 (i.e., (q;)=0.0206 A*) for the rinsed film This work was supported by the French ACIS “Nano-
and 0.42e7/A3 (i.e., (q.)=0.0243 K?) for the as deposited sciences” under projects “Nanoporomat” and “Autofyméhy-
film. These calculated values are in perfect agreement witpodir.” Work at Brookhaven National Laboratory is sup-
the experimental values af. shown in the bottom insets of ported by U.S. DOE Contract No. DE-AC02-98CH10886.
Fig. 4. The fitting analysis fog>q. confirms the simple

analysis of the average electron density obtainedyfamg. G. C. Frye, A. Ricco, S. J. Martin, and J. C. Brinker, Mater. Res. Soc.
After rinsing, the pore diameter was found to be 5.3+1 nm. Z;V"}lli)c;tzpf?\‘&llﬁsg“séigﬁ&A roral. A van der Lee. and €. Guizard. 3

_ _Assumlng that the pores are fully emptied durlng the Phys. v 12, 283 (2002, A AT, : :
rinsing procedure, the determination of the mesoporosity re-, Lee, E. K. Lin, B. J. Bauer, W. L. Wu, B. K. Hwang, and W. D. Gray,

lates to the parametets, t,, p;, and p, by the following Appl. Phys. Lett. 82, 1084(2003.

expression 43. 3. Si, H. Ono, K. Uchida, S. Nozaki, H. Morisaki, and N. Itoh, Appl.
2 Phys. Lett. 79, 3140(2002.
(B oed = p2—p1 1y -{1- 9e1 ty 2) °A. Gibaud, A. Baptiste, D. A. Doshi, C. J. Brinker, L. Yang, and B. Ocko,
mes pp titt, qu t+t, ) Europhys. Lett.63, 833(2003.

®The PEO and PPO blocks are soluble in ethanol; therefore, the rinsing

From Eq.(2), it is found that the film has a mesoporos- procedure was chosen to avoid the large shrinkage or even worse the
ity that is to say a volumic fraction of pores of 43% with an collapse of the oxide structure when the surfactant is removed by anneal-
uncertainty of 5%. One can note that the porosity is also; o

. by (® _ / It that is full . Note that in GISAXS, the footprint of the beam covers the entire length of
given by ( mesé_(p2_<p>) p2, a result that is fully consis- the samplghere, 2.5 cry so that the resulting pattern gives an averaged

tent with Eq.(2) when substitutingp) by its expressiofEq. overview of the film structure.
(1)] 8Y. P. Feng, S. K. Sinha, E. E. Fullerton, G. Griibel, D. Abernathy, D. P.

TR ; ; : Siddons, and J. B. Hastings, Appl. Phys. Le, 3647(1995.
f The porostljty f|sththu§|_d|ctatid Ibytboth dthe _ij_eterrsn_lnatltt)k? %S, Lagomarsino, A. Cedola, S. Di Fonzo, W. Jark, V. Mocella, J. B. Pelka,
O- _average ana o e sl .|Ca-Wa electron aensities. since eand C. Riekel, Cryst. Res. Techn@7, 758 (2002.
silica wall electron density is less than the one of pure bulka Gibaud, inX Ray and Neutron Reflectivity: Principle and Applications

silica, we can infer the walls exhibit some microporosity edited by J. Daillant and A. Gibau@pringer, Paris 1999pp. 87-115.
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